High-frequency pulsed sonic excitation is combined with an infrared camera to image surface and subsurface defects. Irreversible temperature increases on the surface of the object, resulting from localized heating in the vicinity of cracks, disbonds, or delaminations, are imaged as a function of time prior to, during, and following the application of a short pulse of sound. Pulse durations of 50 ms are sufficient to image such defects, and result in surface temperatures variations of ϳ2°C above the defect. As an example, sonic infrared images are presented for two fatigue cracks in Al and of interply delamination impact damage in a graphite-fiber-reinforced polymer composite. The shorter of the two fatigue cracks is ϳ0.7 mm in length, and is tightly closed. Thus, this new technique is sensitive, and capable of rapid imaging of defects under wide surface areas of an object.
I. INTRODUCTION
We describe a novel nondestructive testing technique that uses high-frequency sonic excitation, together with infrared ͑IR͒ detection to image surface and subsurface defects.
1 This sonic IR imaging technique uses a short ͑50-200 ms͒ pulse of high frequency ͑typically 20-40 kHz͒ sound which is applied at some convenient point on the surface of the object under inspection to produce localized frictional heating at the defect. An IR camera images the heating of the surface resulting from the effects of friction or other irreversible internal surface interactions in the vicinity of cracks or disbonds. These effects result from the fact that the two surfaces of internal defects do not move in unison when sound propagates in the object. Thus, for instance, the faying surfaces of a closed crack appear as a planar heat source. If the crack intersects the surface, the heat source first appears as a line in the IR image, which subsequently blurs and broadens into a diffusely heated region surrounding the original line. When the sound pulse is turned off, the resulting temperature pattern decays according to the usual process of thermal diffusion.
Although this new process superficially resembles stress pattern analysis by thermal emission ͑SPATE͒, 2 SPATE depends on periodic thermoelastic temperature variations, with synchronous detection ͑at the vibration frequency͒ of these temperature variations associated with the sinusoidal stressinduced heating and cooling. In contrast, the 20 kHz thermoelastic heating and cooling variations associated with our sonic pulse are averaged out over the 1 ms ͑or so͒ integration time of the IR camera. Thus, only the irreversible temperature increases are imaged by our camera.
Our technique more closely resembles one introduced by Busse and his colleagues.
3 Busse also utilized sonic excitation and IR imaging. His technique, rather than using a single sound pulse, instead utilized very low frequency ͑a few tens of milliHertz͒ sinusoidal amplitude modulation of the acoustic source, coupled with video lock-in IR imaging at that very low frequency. Lock-in averaging at the modulation frequency produces two processed images: an amplitude image and a phase image. Because of the low modulation frequency, typically several minutes are required to produce these processed lock-in images. In contrast, our single-pulsed technique requires only a few tens of milliseconds to acquire a sequence of images of the entire time evolution of the heating process. To acquire the same temporal information, the lock-in imaging would have to be repeated over and over again for a range of different modulation frequencies.
II. EXPERIMENT
Our experimental setup is shown in Fig. 1 . The source of the sonic excitation is a Branson, Model 900 MA 20 kHz ultrasonic welding generator, with a Model GK-5 hand-held gun. The source has a maximum power of 1 kW, and is triggered to provide a short ͑typically 50-200 ms duration͒ output pulse to the gun. The gun contains a piezoelectric transducer that couples to the specimen through the 1.3-cmdiam tip of a steel horn. In the laboratory setup, as can be seen in Fig. 1 , we use a mechanical fixture to hold the sonic horn firmly against the sample surface. This setup uses a machine slide to provide reproducible alignment of the horn. Typically, a piece of soft Cu sheet is placed between the tip of the horn and the specimen to provide good sound transmission. The location of the source on the sample is chosen primarily for convenience of geometrical alignment, and since it has minimal effect on the resulting sonic IR images, typically is not changed during the course of the inspection. Sound waves at frequencies of 20 kHz in metals such as aluminum or steel have wavelengths on the order of tens of centimeters, and propagate with appreciable amplitude over distances much longer than a wavelength. For typical complex-shaped industrial parts ͑see, for example, the aluminum automotive part shown in Fig. 1͒ , reflections from various boundaries of the specimen introduce countless conversions among the vibrational modes, leading to a very complicated pattern of sound within the specimen during the time that the pulse is applied. Since the speed of sound in solids is typically on the order of a few km/s, this sound field completely insonifies the regions under inspection during the time that the excitation pulse is applied. If a subsurface interface is present, say a fatigue crack in a metal, or a delamination in a composite structure, the opposing surfaces at the interface will be caused to move by the various sound modes present there. The complexity of the sound is such that relative motion of these surfaces will ordinarily have components both in the plane of the crack and normal to it. Thus, the surfaces will ''rub'' and ''slap'' against one another, with a concomitant local dissipation of mechanical energy. This energy dissipation causes a temperature rise, which propagates in the material through thermal diffusion. We monitor this dissipation through its effect on the surface temperature distribution. The resolution of the resulting images depends on the depth of the dissipative source as well as on the time at which the imaging is carried out.
The IR camera that we used in the setup that is shown in Fig. 1 is a Raytheon Radiance HS that contains a 256ϫ256 InSb focal plane array, and operates in the 3-5 m spectral region. It is sensitive ͑with a 1 ms integration time͒ to surface temperature changes of ϳ0.03°C, and can be operated at full frame rates up to 140 Hz with that sensitivity. We have also observed the effects reported here with a considerably less expensive, uncooled, microbolometer focal plane array camera, operating in the long wavelength ͑7-10 m͒ of the IR.
III. RESULTS
We first illustrate the use of this technique to image a 5-mm-long fatigue crack in an aluminum plate. The plate ͑3 mm thick͒ had been prepared with a saw cut in the middle of one of its edges prior to being fatigued in a cyclic-loaded mechanical tensile testing machine. An optical micrograph of the resulting fatigue crack is shown in Fig. 2 , which also shows a ruler with 1 mm calibration marks. The crack is about 5 mm long. Figure 3 shows a selection from a sequence of sonic IR images of this specimen that were acquired prior to, during, and immediately after the application of the excitation pulse. It is evident from this sequence of images that such cracks are easily detected by the technique. The temperature contrast in this image is ϳ2°C. In Fig. 4 , we show an optical micrograph of a much shorter ͑0.7-mmlong͒ fatigue crack in a second such Al test specimen. We show a selection of sonic IR images in Fig. 5 of the crack that was shown optically in Fig. 4 . This set of images illustrates that rather small cracks are readily detected by the technique.
In order to demonstrate that the thermal effects seen in Figs. 3 and 5 are not simply the result of the presence of the stresses around the tip of the saw cuts used to initiate the fatigue cracks, we introduced a second saw cut in a third fatigue specimen after the fatigue crack had been grown from the first saw cut. It can also be seen in the images shown in Fig. 6 that two saw cuts are present in the top of the specimen. The right saw cut was placed in the specimen FIG. 1. Experimental arrangement for sonic IR imaging of defects. A handheld ultrasonic welding gun is seen, mounted on a machine slide for ease of alignment, and is pressed against a part by means of a pulley and rope system. The IR camera is positioned for a closeup view of the rear of the part. Wider fields of view are obtained by simply backing up the camera and/or using different IR lenses.
FIG. 2.
Optical micrograph of a fatigue crack in a 3-mm-thick aluminum alloy bar. The bottom edge of the saw cut used to initiate the crack is seen ͑black͒ just above the top of the crack, which is approximately 5 mm long.
prior to fatigue, and the resulting crack ͑0.8 mm long͒ was initiated at the bottom of this cut. The left saw cut is the one that was placed in the specimen after the fatigue, and there is no crack in this region of the specimen. It should be noted that the only the sonic IR response is located in the vicinity of the fatigue crack ͑beneath the right saw cut͒. This illustrates the fact that the effect is not the result of thermoelastic temperature variations in the high stress region in the vicinity of the tip of the saw cut.
As another illustration, we have applied the sonic IR technique to inspect a graphite-fiber-reinforced polymer composite laminate specimen that had previously been subjected to impact damage. The resulting damage occurs in the form of interply delaminations. These delaminations are effectively cracks, oriented parallel to the plane of the sample surface, and serve as heat sources under sonic excitation. In Fig. 7 , we compare thermal images of the delaminations in this sample, made both with conventional pulsed thermal wave imaging under flash lamp heating and sonic IR imaging. Both sets of images were made in our laboratory. The times of the pairs of images were selected to correspond as nearly as possible to the same stage of development of the two images. The sonic IR images clearly show more detail of the subsurface features than do the thermal wave images. FIG. 3 . Selection of four frames from a sequence of sonic IR images of the crack shown optically in Fig. 2 above. The top left image was taken prior to turning on the sonic excitation, the top right was taken immediately following the initiation of the pulse, and the bottom left and right images were taken at two later times, during and immediately after the 50 ms sonic excitation, respectively. Fig. 4 above. The top left image was taken prior to turning on the sonic excitation, the top right immediately following the excitation pulse, and the bottom left and right images taken at two later times during the 50 ms sonic excitation.
FIG. 6. Selection of four frames from a sequence of sonic IR images of a fatigue specimen containing two saw cuts, but with only one ͑right͒ having been used to initiate a fatigue crack.
